Introduction:
In recent years, the availability of circularly-polarized synchrotron radiation has stimulated considerable interest in spectroscopic studies in the vacuum ultraviolet/soft-x-ray and hard x-ray regimes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Most of the experiments [1-41 and calculations [5-S] have been directed to simple photoabsorption measurements.
However, in a smaller number of cases the intensities of the photoelectrons emitted have been calculated [9] [10] [11] [12] and observed [13] [14] [15] [16] [17] [18] [19] , including for a few systems also their angular variations [14, 15, [17] [18] [19] .
In the photoelectron experiments, up to ±100% differences have been observed between photoelectron intensities obtained with left and right circularly polarized (LCP and RCP) light, provided that.
the experiments were performed in a chiral geometry [15, 17] .
We will concentrate here on the simplest case of core-level photoelectron emission, which has been measured with circularly polarized excitation from adsorbed molecules [lSa] , ferromagnetically-ordered atoms [4, 16] , and most recently, a semiconductor surface [19] . For the case of emission from an adsorbed diatomic molecule, a chiral geometry results if the direction of the incoming light, the direction of molecular orientation, and the direction of the outgoing electron wave are. not coplanar. This we shall term "normal" circular dichroism (CD) to distinguish it from the magnetic circular dichroism to be discussed later. The normalized difference in the photoelectron intensities I LCP and I RCP excited with LCP and RCP light respectively, measured as a function of the direction of the outgoing electron, has also been termed circular dichroism in the angular distribution of photoelectrons (CDAD) [14, 15] . For a magnetic system,
•.
analogous core-level experiments have involved measuring differences in I LCP and I RCP when the magnetization axis of the specimen was changed with respect to the incidence direction of the light (e.g., from parallel to anti-parallel); in only a couple of such magnetic circular dichroism (MCD) studies to date have angular variation measurements been made [20] . [10, 20] .
In this paper, we consider such core-level dichroism in angleresolved photoemission for the first time from a multi-atom photoelectron diffraction viewpoint. This approach is in principle a more versatile method for treating the effects of all atoms surrounding the emitter, and it can be applied in a rigorous fashion including fully-converged multiple scattering [21, 22] . We first present a theoretical analysis of recent experimental C Is CDAD data from CO adsorbed on Pd(lll) obtained by Bansmann et al. [18a] , taking into account the scattering of photoelectrons from the substrate lattice. Then we consider the potential influence of such normal CDAD effects on recent MCD measurements on Fe(ll0) by Baumgarten et al. [16] .
C 1s emission from CO/Pd(111):
Figure l(a) shows a schematic diagram of the experimental geometry used in performing the CO/Pd(111) experiments [17] . Left-and rightcircularly polarized radiation was obtained by going above and below the plane of the BESSY storage ring in Berlin [23] . to the surface [24] [25] [26] [27] , while the precise adsorption site depends on CO coverage. The apparatus and the experimental method are described in detail elsewhere [17, lSa] . zeroes in asymmetry for 0 = 0°, although experiment shows lo~er peak asymmetries for three of the five energies, and also falls off more sharply than theory for lei greater than about 30° at the four highest energies.
We have theoretically simulated these same CO/Pd(lll) results using the Finally, these matrix elements were squared to obtain the intensities I RCP or I LCP . This procedure automatically leads to satisfying the selection rule for circularly polarized light for each transition from a given
The dashed lines in Figures 2(a) -(e) represent our computed ACDAD(e) for a single oriented CO molecule in the gas phase. In general, our results are in very good agreement with those calculated using the more accurate Schwinger variation method [lSb] , especially for the three highest energies for which the approximations inherent in photoelectron diffraction thory become more accurate [21, 22] . Our calculations are overall closer to experiment over the region -30o~~30° for the two highest and two lowest energies, but they do not decrease as rapidly outside of this range as experiment and the variation method results, particularly at lower kinetic energies. This discrepancy could be due to the principal additional approximation made in all electron diffraction calculation.: that the electron scattering can be described through spherically-symmetric muffin-tin potentials centered on each atom. This approximation is expected to be worse for energies below about 50 eV, but to be quite accurate above this point [28] . Thus, the present cluster diffraction approach should be sufficiently accurate for higher energies, and in addition permits easily adding in the effects of more scatterers at or near the surface, as we now illustrate.
From prior LEED [25] and infrared reflection spectroscopy investigations [26, 27] it has been suggested that CO is adsorbed in threefold hollow sites on the Pd(lll) surface up to a third of a monolayer, on bridge sites up to half a monolayer, and on both bridge and on-top sites at The atop and bridge sites have different atomic arrangements in the first layer and the ACDAD curves for them show greater differences. The difference among these curves for different adsorption sites might permit determining the adsorption site (although probably not distinguishing between fcc and hcp based on this data alone). However, an extensive experimental data set would be required, including a precise specification of the crystal azimuthal orientation(s).
One type of discrepancy between experiment and theory seen in In the Blyholder model of bonding in CO adsorption, electron charge is donated from the highest occupied 50 CO molecular orbital to the metal and back-donated from the metal d-bands to the unoccupied 2~ molecular orbitals.
As a consequence of this back donation, the c-o bond length can be increased for adsorbed CO compared to free co. Figure 3 shows such azimuthal scans for the four high-symmetry adsorption sites. For reasons given above, the curves for three-fold fcc and hcp hollow sites are nearly identical for all azimuthal angles. Curves for atop and bridge adsorption sites show greater differences from one another and from fcczhcp which could be useful in determining the adsorption site. However, the differences over all the curves are not pronounced enough to determine the experimental azimuthal angle from the limited data set available.
F.e 2p emission from Fe(110):
Finally, we discuss the influence of such normal co effects on magnetic circular dichroism (MCO) measurements using photoelectrons. As a quantitative example, we consider a system investigated previously The MDC effects they observed were of the order of ±2%. In this coplanar geometry CDAD effects must vanish for reasons of symmetry [10, 11, 13, 14] . However, if
there is a slight misalignment of the azimuthal orientation of the sample or the detector, then normal CD effects may occur simultaneously with MCD effects, adding an additional element to the interpretation of such data (17) .
To assess the degree of such CD/MCD interference effects, Figure 4 displays the asymmetry ACDAD calculated for a small cluster of Fe atoms simulating the system studied by Baumgarten et al. [16] . The direction of the incoming light in the calculation is taken to be 10° away from the surface of the cluster, with the electrons being emitted at a takeoff angle of 55° with respect to the surface. The azimuthal direction of observation was varied so as to move out of the plane defined by the incoming light and the normal to the cluster. The angle ¢ = 0° thus corresponds to a non-chiral geometry with ACDAD = 0, but for all ¢ ¢ 0, the geometry is non-co-planar and thus chiral. Our results for ACDAD are shown in Figure 4 (b), and it is clear that it rapidly increases on moving away from ¢ = 0°, reaching a maximum of around 25% by ¢ = ±10°. Thus, a misalignment of the sample of a few degrees while performing an MCD experiment could lead to a normal CD asymmetry of around 5% that is even larger than the MCD effects. Switching the magnetization direction from parallel to anti-parallel to the light incidence direction for a fixed light polarization (LCP or RCP) and then measuring I(parallel) and I(an~i-parallel), as has been done by Baumgarten et ale should tend to cancel these normal CD effects, as the actual emission geometry relative to the light incidence direction then does not change, but such effects remain as an important consideration in the quantitative analysis of all MCD phenomena.
Conclusions:
In For ¢ = 0° in the [OOI) azimuth, the emission geometry is identical to that used by Baumgarten et"al. [3] in studying MCD for this system.
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